Neither the molecular mechanism by which plant microtubules nucleate in the cytoplasm nor the organization of plant mitotic spindles, which lack centrosomes, is well understood. Here, using immunolocalization and cell fractionation techniques, we provide evidence that ␥ -tubulin, a universal component of microtubule organizing centers, is present in both the cytoplasm and the nucleus of plant cells. The amount of ␥ -tubulin in nuclei increased during the G 2 phase, when cells are synchronized or sorted for particular phases of the cell cycle. ␥ -Tubulin appeared on prekinetochores before preprophase arrest caused by inhibition of the cyclin-dependent kinase and before prekinetochore labeling of the mitosis-specific phosphoepitope MPM2. The association of nuclear ␥ -tubulin with chromatin displayed moderately strong affinity, as shown by its release after DNase treatment and by using extraction experiments. Subcellular compartmentalization of ␥ -tubulin might be an important factor in the organization of plant-specific microtubule arrays and acentriolar mitotic spindles.
INTRODUCTION
Microtubules are formed by the polymeric self-organization of tubulin. This process is initiated at microtubule organizing centers (MTOCs). In plants, different microtubular arrays, such as interphase cortical microtubules and the preprophase bands, perinuclear microtubules, mitotic spindles, and phragmoplasts, are dynamically formed at distinct locations and interchanged during the cell cycle. Discrete MTOCs, comparable to centrosomes in animals, are not known in plants; rather, the concept of microtubule nucleation sites dispersed throughout the plant cell has been proposed by Mazia (1984) . Microtubules can nucleate on noncentrosome-dependent sites, even in cells possessing centrosomes (Heald et al., 1997; Vorobjev et al., 1997; Yvon and Wadsworth, 1997) , but the contribution of different forms of microtubule nucleation sites in generating the microtubule pattern is not known (Hyman and Karsenti, 1998) .
In mitotic cells of vertebrates, the chromosomes capture and stabilize the microtubules nucleated by the centrosomes but do not appear to stimulate microtubule growth (Zhang and Nicklas, 1995) . On the other hand, in acentriolar systems, such as Drosophila during male meiosis or in parthenogenic Sciara embryos, the chromosomes act as MTOCs (Bonnacorsi et al., 1998; De Saint Phalle and Sullivan, 1998) . Current models of spindle formation in the absence of centrioles are based on chromatin-mediated microtubule organization and the ability of microtubule-associated molecular motors to focus microtubules into polar arrays (Heald et al., 1996 (Heald et al., , 1997 Karpen and Endow, 1998) .
In plant meiocytes, microtubules initially were found to appear around the prometaphase chromosomes, indicating a chromatin-mediated spindle assembly mechanism similar to that described for animal meiocytes (Chan and Cande, 1998) . In plant mitosis, which is acentriolar as well, the nuclear envelope was shown to be an important site for microtubule nucleation during the late G 2 stage of the cell cycle (Stoppin et al., 1996) . After the breakdown of the nuclear envelope, the metaphase spindle is formed predominantly by kinetochore fibers (Palevitz, 1993; Smirnova and Bajer, 1998) . How the putative microtubule organizing sites, which are dispersed throughout the cytoplasm, on the nuclear envelope, or at the chromosomes, participate in plant spindle organization is not clear.
To understand plant microtubule organization, one first must identify the molecular composition of the dispersed microtubule nucleation sites. In animals and fungi, ␥ -tubulin has been detected at all MTOCs, in which it is suggested to nucleate and organize microtubules (Oakley et al., 1990; Joshi et al., 1992) . ␥ -Tubulin is a part of numerous complexes of various sizes and composition (Jeng and Stearns, 1999) , such as those identified in Xenopus eggs extracts (Zheng et al., 1995) , somatic cells of mammals (Stearns and Kirschner, 1994; Moudjou et al., 1996) , Aspergillus nidulans (Akashi et al., 1997) , yeast (Knop and Schiebel, 1997) , and Drosophila (Moritz et al., 1998; Oegema et al., 1999) . Some studies indicate a possible involvement of cytoplasmic ␥ -tubulin in nucleation or stabilization (or both) of the minus ends of noncentrosomal microtubules (Kube-Granderath and Schliwa, 1997; Yvon and Wadsworth, 1997) . Although no experimental data are available proving the role of ␥ -tubulin in chromatincontrolled microtubule nucleation, its involvement has been postulated (Hyman and Karsenti, 1998) . In plant cells, ␥ -tubulin is located along all microtubular arrays (Liu et al., , 1995 Joshi and Palevitz, 1996) and on kinetochores of isolated plant chromosomes (Binarová et al., 1998a) .
Here, we report the presence of nuclear and cytoplasmic ␥ -tubulin forms in plant cells. Accumulation of a nuclear ␥ -tubulin pool during the G 2 phase of the cell cycle indicates its involvement in the modulation or stabilization of chromosome-microtubule interactions, which are important but poorly understood events in formation of acentriolar plant cell spindles.
RESULTS

␥ -Tubulin Localization in Nuclei
␥ -Tubulin was immunolocalized along all microtubular arrays by using monoclonal antibodies TU-30, TU-31, and TU-32, which are directed against the C-terminal region of the ␥ -tubulin molecule. Not only were the cortical microtubules, the preprophase band, the mitotic spindle, and the phragmoplast labeled, but discrete staining was found in some interphase nuclei ( Figures 1A and 1B) . Preabsorbing the antibodies with the peptide used for immunization prevented the immunostaining. To analyze whether ␥ -tubulin was present in interphase nuclei at a particular stage of the cell cycle, we processed synchronized root tip cells for immunolabeling. No distinct staining of ␥ -tubulin was observed in nuclei during the G 1 stage of the cell cycle ( Figures  1C and 1D) . From the early G 2 phase on, however, ␥ -tubulin appeared in the nuclei as discrete spots, gradually increasing in size until the late G 2 stage, when they often were seen as double spots (Figures 1E and 1F) . A similar spotty labeling pattern for ␥ -tubulin was found in isolated G 2 nuclei (Figures 2G and 2H) . When the cells progressed to mitosis, ␥ -tubulin labeling decorated the kinetochore microtubules of the mitotic spindle (Figures 1A and 1B) and was associated with the kinetochore region of isolated chromosomes (Figures 1I and 1J) .
␥ -Tubulin spots more often were localized closer to the nuclear periphery than to the center of nuclei, as revealed by three-dimensional reconstruction of images from double labeling of G 2 nuclei with the anti-␥ -tubulin antibody and the DNA binding dye 4 Ј ,6-diamidino-2-phenylindole (DAPI). A typical staining pattern is shown as stereopairs in Figure 2A . Optical sectioning of G 2 nuclei confirmed that the ␥ -tubulin spots were inside the nuclei, adjacent to the chromatin. However, ␥ -tubulin also was found on the nuclear surface, decorating perinuclear microtubules that were focused to the poles, as documented on 12 consecutive sections in Figure 2B . The number of spots and double spots per nucleus varied from one to eight. Spots of ␥ -tubulin apparently were located in the prekinetochore region, but the ␥ -tubulin signal also was found at other locations within the nucleus, namely, in the vicinity of condensing chromatin. Short fibers originating from kinetochores and decorated with ␥ -tubulin antibody occasionally could be observed during the late prophase ( Figure 2E ). Antibodies recognizing abundant nuclear proteins, such as the nucleolin or the mitogen-activated protein kinase MMK1, failed to stain the prekinetochores but did label nucleoli and nucleoplasm, respectively (data not shown).
The mitosis-specific MPM2 phosphoepitope has been established as a marker for prekinetochores in nuclei in the late G 2 stage (Binarová et al., 1993) . Therefore, we compared the timing and location of the ␥ -tubulin staining and the prekinetochore labeling with MPM2. In synchronously dividing root meristem cells, ␥ -tubulin was detected earlier in G 2 -stage nuclei than the MPM-2 phosphoepitope. To dissect the timing of ␥ -tubulin appearance on kinetochores, we further synchronized the root tip cells by arresting them during late G 2 stage with a low dose of the cyclin-dependent kinase inhibitor roscovitine, as described previously (Binarová et al., 1998b) . In the presence of roscovitine, cells were arrested during G 2 phase with condensed chromosomes surrounded by persistent nuclear envelopes observed by phase-contrast microscopy. Labeled ␥ -tubulin was visible in the kinetochore region of the condensed chromosomes ( Figure 2C ), which is a pattern similar to the kinetochore labeling obtained with the MPM2 antibody ( Figure 2D ). The MPM2 phosphoepitope, but not ␥ -tubulin, also was present in the nucleoplasm ( Figures 2C and 2D) .
␥ -Tubulin spots remained visible in G 2 nuclei if the microtubular cytoskeleton was depolymerized with the antimicrotubular drug amiprophos-methyl (APM) or stabilized with taxol (data not shown). Nuclear labeling of ␥ -tubulin also was observed in several other plant species, for example, pea and alfalfa (data not shown).
The antibodies against ␥ -tubulin recognized a single band of 58 kD during immunoblot analysis; no cross-reactivity with other proteins in the cell extracts was detected ( Figure  3A ). Preincubating the antibodies with the peptide used for immunization abolished immunostaining reactions. Densitometric analyses of immunoblots showed that ‫ف‬ 70% from the total ␥ -tubulin pool remained in the supernatant after centrifugation of the cell extract. Similarly, 70% of the total ␣ -and ␤ -tubulins present were detected in the supernatant ( Figure 3A) .
The existence of a nuclear ␥ -tubulin pool was further confirmed by immunoblot analysis with purified nuclei ( Figure  3B , lane 1). To determine the nature of ␥ -tubulin association with nuclear structures, we extracted the nuclei by using buffers containing various salt concentrations or chaotropic agents or subjected the nuclei to DNase treatment. As shown in Figure 3B (lanes 3 and 4), ␥ -tubulin was not extracted by 75 mM NaCl. Increasing the salt concentration to 200 mM extracted ‫ف‬ 50% of the ␥ -tubulin from the nuclei ( Figure 3B , lanes 5 and 6), and further increasing the salt concentration to 300 mM extracted all ␥ -tubulin from the nuclei. All ␥ -tubulin was removed from isolated nuclei by extraction with 0.5 M KI ( Figure 3B , lanes 7 and 8), 4 M urea, or 0.5% deoxycholate plus 0.1% SDS (data not shown). When treated with DNase, ␥ -tubulin was released from the nuclei along with DNA ( Figure 3C , lanes 2 and 3). In control samples treated under identical conditions but without DNase, ␥ -tubulin was found mainly in the pelleted nuclei fraction ( Figure 3C , lanes 4 and 5).
Changes in Nuclear ␥ -Tubulin during the Cell Cycle
Because the immunofluorescence results indicated an accumulation of ␥ -tubulin during the G 2 stage of the cell cycle, we used flow cytometry to separate nuclei that were in the G 1 or G 2 stage and then analyzed them further. Aside from separating and collecting nuclei in various particular stages of the cell cycle, this separation technique eliminated any possible cytoplasmic contamination of nuclear samples, which could occur if the nuclei were isolated only by using a sucrose gradient. A DNA content histogram used to assess the results of sorting nuclei during the G 2 stage from synchronized root meristem cells is shown in Figure 4A . Only the nuclei sorted in the R1 area of the dot plot graph were used for further analysis. The purity of the samples also could be determined by the characteristic morphology of the nuclei in G 1 or G 2 phases stained by DAPI, as shown in Figure 4B. For comparison, the same numbers of nuclei in the two particular cell cycle stages were immunoblotted. Densitometry of the blots showed that the G 2 nuclei contained ‫ف‬ 50% more ␥ -tubulin than did the G 1 nuclei ( Figure 4C ). In contrast, the cytosolic fractions of cells in the G 1 and G 2 stages did not differ in the amount of ␥ -tubulin present (Figure 4D ).
DISCUSSION
The finding of plant homologs to ␥ -tubulin, which is suggested to universally nucleate microtubules in MTOCs in eukaryotes (Oakley et al., 1990; Joshi et al., 1992) , provides the most plausible molecular component for microtubule nucleation in plant cells. However, immunolocalization studies have been unable to directly confirm the role of ␥-tubulin in microtubule nucleation, because ␥-tubulin is not found at discrete sites but instead is distributed along all microtubular arrays as well as at the kinetochore region of isolated chromosomes (Liu et al., 1995; Binarová et al., 1998a) . Therefore, we decided to complement the immunolocalization studies with biochemical characterization of ␥-tubulin in subcellular fractions at various points in the cell cycle.
Most of the ␥-tubulin was detected in the cytoplasm after cell fractionation, but in agreement with the immunolocalization data, a small portion ‫%1.0ف(‬ of the total ␥-tubulin pool) was found in the nuclear fraction. The presence of ␥-tubulin in plant nuclei is unexpected, because nuclear ␥-tubulin has been described only in organisms with intranuclear mitosis, such as fungi (Akashi et al., 1997; Knop and Schiebel, 1997) or protists (Curtenaz et al., 1997) . Previously, we found ␥-tubulin to be associated with the kinetochore/centromeric region of plant chromosomes in cells after treatment with antimicrotubular drugs and on isolated chromosomes (Binarová et al., 1998a (Binarová et al., , 1998b . Perhaps in those experiments, the ␥-tubulin relocated to the kinetochore during the treatment with antimicrotubular drugs used for metaphase accumulation, before the chromosomes were isolated. Here, we found ␥-tubulin in premitotic nuclei in cells that had not undergone treatment with antimicrotubular drugs. Associated mainly with the region corresponding to prekinetochores, ␥-tubulin also could be detected at other sites of the chromosome arms. ␥-Tubulin is retained in the nucleus by chromatin, as shown by its release by DNase treatments. Its binding to chromatin is moderately strong, being solubilized only at salt concentrations Ͼ250 mM, and the binding does not appear to depend on intact microtubules, as suggested by the presence of ␥-tubulin on kinetochores in cells treated with antimicrotubular drugs.
Previous experiments with polyclonal or monoclonal antibodies directed against the N-terminal part of the ␥-tubulin molecule failed to detect ␥-tubulin in nuclei (Liu et al., , 1995 McDonald et al., 1993) . Similarly, when we stained fava bean meristem cells or isolated chromosomes with N-terminal ␥-tubulin antibodies, only the microtubule arrays were decorated, and no staining was observed in the nuclei (P. Binarová, unpublished data). We believe that the observed differences in the staining pattern with antibodies raised against different ␥-tubulin regions reflect either a specific orientation or a masking of ␥-tubulin molecules in assembled microtubules or associated with chromatin. Differences in the exposure of C-and N-terminal tubulin domains in cytoplasmic microtubules also have been described for animal (Dráber et al., 1989) and plant (Smertenko et al., 1997) cells. Chromatin-mediated microtubule organization is the basic mechanism of spindle formation in animal and plant meiocytes lacking centrosomes (Chan and Cande, 1998; reviewed in Karpen and Endow, 1998) . Our studies of ␥-tubulin localization in plant meiocytes indicate a colocalization with all microtubular arrays. Although ␥-tubulin was not associated specifically with kinetochores of meiocytes in prophase, it did colocalize with microtubules newly formed or captured in the vicinity of chromosomes (P. Binarová, unpublished data) . Microtubule assembly in the vicinity of chromosomes is not restricted to meiocytes; it also occurs in mitotic plant cells (Bajer and Ostergen, 1961; Binarová et al., 1998b; Smirnova and Bajer, 1998) . Moreover, in both plant mitotic and animal meiotic cells, bipolar spindlelike structures can form in the cytoplasm in the absence of chromatin and centrosomes (Bajer and Mole-Bajer, 1986; Brunet et al., 1998) . Thus, spindle formation appears to be an intrinsic property of the microtubules with their associated factors, with centrosomes or chromosomes perhaps only modulating this process. In plants, formation of the preprophase spindle by self-assembly in the cytoplasm surrounding the nuclear envelope is later followed and reinforced through chromosome (kinetochore)-mediated spindle assembly (Smirnova and Bajer, 1998) . During the transition from G 2 to M phase, just at a time of nuclear envelope breakdown, we found ␥-tubulin in some of the short kinetochore microtubule fibers, indicating that at this point of spindle formation, kinetochore-located ␥-tubulin interacts with captured preexisting microtubules or with newly formed ones. The specific timing of ␥-tubulin appearance in G 2 nuclei and its presence on kinetochores in prophase-arrested cells indicate an active transport mechanism into the nucleus. In yeast, the ␥-tubulin complexes are assembled in the cytoplasm; their import into nuclei then is regulated by a cell cycle-dependent phosphorylation event of the nuclear localization sequence in Spc98 (Pereira et al., 1998) . We found a considerably larger cytoplasmic pool of soluble ␥-tubulin in plants than has been reported for animal cells (Stearns and Kirschner, 1994; Moudjou et al., 1996) . In the soluble cytoplasmic pool, ␥-tubulin was present in large and small protein complexes (P. Binarová, unpublished data). Given that soluble factors of unknown molecular composition from tobacco extracts are able to restore the nucleation activity of inactivated mammalian centrosomes (StoppinMellet et al., 1999) , we consider ␥-tubulin complexes to be plausible candidates for such factors.
The molecular composition of kinetochores and the mechanisms of kinetochore-microtubule binding in yeast and animal cells are beginning to be understood (Sullivan, 1998) . The maize homologs of MAD2 and CENPC are the first kinetochore proteins to have been molecularly characterized in plants ( Dawe et al., 1999; Yu et al., 1999) . Some antibodies raised against the animal centrosomal or kinetochore antigens recognize the plant proteins on prekinetochores during late interphase and during mitosis (Binarová et al., 1993; Houben et al., 1995; Yu et al., 1999) . The MPM2 phosphoepitope labeling in the kinetochore/centromeric region from prophase to the end of metaphase provides a molecular marker for timing the appearance of ␥-tubulin (Binarová et al., 1993) . ␥-Tubulin and MPM2 labeling colocalized in the kinetochore region only during later stages of G 2 (around prophase) and in prophase-arrested cells; thus, ␥-tubulin appears on kinetochores during the G 2 phase, before the MPM2 phosphoepitope is generated.
The presence of ␥-tubulin in kinetochores and its possible participation in nucleation of kinetochore microtubules are in contrast to the search-and-capture model of somatic cell mitosis in animals. There, the minus ends of microtubules nucleate on centrosomes with ␥-tubulin, and the plus ends of microtubules are captured and then bound to the kinetochores (Kirschner and Mitchinson, 1986) . However, the polarity of the forming microtubules and the location of microtubule ends with respect to the kinetochores have not been well established for chromatin-mediated spindle formation in acentrosomal cells (Karpen and Endow, 1998) . Whatever the case, after the chromatin-promoted nucleation and polymerization of microtubules, perhaps the polarity of microtubules is changed through the sorting and focusing of microtubule ends by microtubule motor proteins (Heald et al., 1996) .
Furthermore, ␥-tubulin should be considered to play a role not only in microtubule nucleation but also in microtubule organization. By comparing plant and animal extracts, we found that ␥-tubulin is much more abundant in plant cells than animal cells, perhaps as a result of the dispersed nature of plant MTOCs. ␥-Tubulin might act as the minus end microtubule caps and may stabilize microtubules severed from multiple MTOCs. Accumulating data support the idea that ␥-tubulin could participate in microtubule stabilization. ␥-Tubulin has been found with the stable kinetochore microtubules that are resistant to antimicrotubular drugs in plants (Liu et al., 1995; Binarová et al., 1998a) and with the coldstable fraction of microtubules in animal cells (Wolf and Joshi, 1996; Detraves et al., 1997) . ␥-Tubulin mutants of yeast also have enabled investigators to separate the nucleation role of ␥-tubulin from its function in microtubule organization and dynamics (J. Paluh, personal communication). Accordingly, ␥-tubulin in plant kinetochores could have a stabilizing effect on kinetochore-microtubule interaction and thus could play a role in microtubule capture during the spindle formation and in the regulation of microtubule dynamics at the kinetochore.
In summary, we show that plant ␥-tubulin is present not only on the microtubular structures and in the cytoplasm but also in the nuclei, in which it is bound mainly to the kinetochore regions of chromosomes. In addition to its accepted nucleation role, perhaps the high abundance, different forms, and locations of ␥-tubulin in acentriolar plant cells make it important also in microtubule dynamics and organization.
METHODS
Cells
Vicia faba seeds were germinated at 25ЊC in Hoagland's nutrient solution, and root meristems (1 to 2 mm long) were collected and used for immunofluorescence and biochemical analyses (asynchronous cells). In some experiments, root tip cells were synchronized by using hydroxyurea, as described by Dole el et al. (1992) . The extent of cell cycle and mitotic synchrony was monitored by DNA flow cytometry and microscopically on Feulgen-stained squash preparations. Root meristems were collected at different stages of the cell cycle. In some cases, roots were treated with roscovitine (6-benzylamino-2-[R]-[1-hydroxymethylpropylamino]-9-isopropylpurine), a specific inhibitor of cyclin-dependent kinases (Havlíč ek et al., 1997) or with the antimicrotubule drugs amiprophos-methyl (APM; Mobay Co., Kansas City, KS) and taxol (Sigma). These three reagents were prepared as 20 mM stock solutions in pure dimethyl sulfoxide and diluted to working dilutions of 50, 2.5, and 1 M, respectively. Roots were treated for 6 hr and then processed for immunolabeling.
Antibodies
␥-Tubulin was detected with mouse monoclonal antibodies TU-30 (IgG 2 b), TU-31 (IgG 2 b), and TU-32 (IgG 1 ) (Nováková et al., 1996) . The antibodies were prepared against the conserved 16-amino acid peptide EYHAATRPDYISWGTQ corresponding to the human ␥-tubulin sequence 434 to 449 (Zheng et al., 1991) . The mouse monoclonal antibody GTU-88, raised against the human ␥-tubulin sequence from positions 38 to 53 (EEFATEGTDRKDVFFYN; Zheng et al., 1991) , and a polyclonal antibody against ␥-tubulin were purchased from Sigma. The tubulin subunits were detected with the mouse monoclonal antibody DM1A (IgG 1 ), which was raised against ␣-tubulin, or with the monoclonal antibody TUB2.1 (IgG 1 ) raised against ␤-tubulin (both from Sigma). Alternatively, a rabbit affinity-purified antibody against the ␣␤-tubulin heterodimer was used (Dráber et al., 1991) . The MPM2 monoclonal antibody (IgG 1 ) raised against phosphorylated epitopes of mitotic cells (Davis et al., 1983) was kindly provided by P. Rao (University of Texas, Houston). Nucleolin was detected by an affinity-purified rabbit antibody (Bögre et al., 1996) . Fluorescein isothiocyanate and indocarbocyanate (Cy3)-conjugated anti-mouse and anti-rabbit antibodies were obtained from Sigma. The antimouse Ig antibody conjugated with alkaline phosphatase was purchased from Promega.
Preparation of Cell Extracts
Crude cell extracts were prepared from root tips (cut on ice and weighed) by freezing the tissues in liquid nitrogen, grinding to a fine z powder, and suspending the powder in 1 volume of the extraction buffer (50 mM K-Hepes, pH 7.4, 1 mM EGTA, 1 mM EDTA, 75 mM KCl, and 0.05% Nonidet P-40) supplemented with the protease inhibitors phenylmethylsulfonyl fluoride (1 mM) and leupeptin, aprotinin, antipain, and pepstatin (each at 10 g mL Ϫ1 ). To prepare the supernatant for the characterization of protein complexes, we centrifuged crude extracts at 30,000g for 30 min at 4ЊC. In some cases, the supernatant was centrifuged again at 100,000g for 10 min at 4ЊC.
Cellular Fractionation and Isolation of Nuclei and Chromosomes
Nuclei were isolated by a modified procedure proposed by Dole el et al. (1992) . Root meristems were chopped up in LB01 buffer (20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA, 0.5 mM spermine, 80 mM KCl, 20 mM NaCl, 0.1% Triton X-100, and 15 mM ␤-mercaptoethanol, supplemented with protease inhibitors, as was the extraction buffer). The suspension was filtered through a 50-m (pore size) nylon mesh to remove large tissue fragments, loaded on a sucrose gradient (50, 30, and 10% of sucrose in LB01), and centrifuged at 400g for 15 min at 4ЊC. The 50% sucrose layer, which contained the nuclei, was centrifuged at 3000g for 10 min at 4ЊC. The pelleted nuclei were used for immunoblotting either directly or after treatment with DNase or extractions with various buffers. Routinely, ‫000,002ف‬ nuclei were isolated from 20 root tips. The upper layer of the cytoplasm from the sucrose gradient was collected and clarified by centrifugation at 30,000g for 30 min (4ЊC) and processed for immunoblotting.
Metaphase chromosomes were isolated from hydroxyurea-synchronized root meristem cells that were accumulated at metaphase with use of APM, as described by Dole el et al. (1992) .
Sorting of Nuclei
The suspension of isolated nuclei was stained with 4Ј,6-diamidino-2-phenylindole (DAPI; 2 g mL Ϫ1 ). Flow-cytometric analysis and sorting were performed with a FACS Vantage flow cytometer (Becton Dickinson, San Jose, CA) equipped with an Innova 305C laser (Coherent, Santa Clara, CA) tuned to multiline UV light (333.6 to 363.8 nm). The fluorescence pulse area (FL-A) of the nuclei was analyzed, and the sorting window was set on a dot plot of FL-A and fluorescence pulse width (FL-W; Figure 4A ). For electrophoresis, 200,000 nuclei were sorted into a tube containing 500 L of LB01 buffer supplemented with protease inhibitors. For microscopic observation, 5000 nuclei were sorted into a 15-L drop of LB01 buffer containing 10% sucrose and placed on a microscopic slide.
Treatment of Isolated Nuclei
Isolated nuclei were washed twice in DNase buffer (20 mM Tris-HCl, pH 7.8, 2 mM EGTA, 25 mM MgCl 2 , plus protease inhibitors as described for extraction buffer) and pelleted by centrifugation (1000g for 10 min). The nuclei were digested for 1 hr at 37ЊC with 300 g mL Ϫ1 DNase I (Boehringer Mannheim) in DNase buffer. Control nuclei were incubated under identical conditions in DNase buffer without the enzyme. Digested nuclei were pelleted at 1000g for 10 min, and the supernatant and pelleted nuclei were analyzed by immunoblotting. Alternatively, isolated nuclei were extracted in modified LB01 buffer (20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA, 0.5 mM z z spermin, and 10% sucrose plus protease inhibitors, as for the extraction buffer) supplemented with various concentrations of NaCl (75, 200, 300, and 500 mM). In some cases, the buffer was supplemented with one of the following components: 0.5 M KI, 4 M urea, or 0.5% deoxycholate plus 0.1% SDS. After a 15-min extraction at 4ЊC, nuclei were pelleted at 1000g for 10 min, and the supernatant and nuclei were analyzed by immunoblotting.
Electrophoresis and Immunoblot Analysis
Proteins separated by SDS-PAGE on 7.5 or 10% polyacrylamide gels were stained by Coomassie Brilliant Blue R 250 (Serva, Heidelberg, Germany) or were electrophoretically transferred to a polyvinyl difluoride membrane. Details of the procedure for immunostaining by using a secondary antibody labeled with alkaline phosphatase are described elsewhere (Dráber et al., 1989) . Antibodies TU-30, TU-31, and TU-32 were used as undiluted supernatants. Antibodies GTU-38, DM1A, and TUB2 were diluted 1:1000.
Immunofluorescence
Root tips were fixed for 1 hr in 3.7% paraformaldehyde, digested, and squashed, as described by Binarová et al. (1993) . Thereafter, the cells were postfixed for 10 min in methanol at Ϫ20ЊC, rehydrated in PBS, and processed for immunostaining. Isolated chromosomes or nuclei attached to poly-L-lysine-coated slides also were fixed for 10 min in methanol at Ϫ20ЊC and processed for immunostaining. Antibodies TU-30, TU-31, and TU-32 were used as undiluted supernatants; antibodies DM1A, TUB2.1, and MPM2 were diluted 1:500. Rabbit affinity-purified antibody against ␥-tubulin and rabbit affinitypurified antibody against ␣␤-tubulin heterodimer were used at dilutions of 1:5 and 1:10, respectively. For double-labeled immunofluorescence with rabbit antibodies and mouse monoclonal antibodies, slides first were incubated with the polyclonal antibody, washed, and incubated with the monoclonal antibody. Samples then were incubated simultaneously with a mixture of fluorescein isothiocyanateand Cy3-conjugated secondary antibodies diluted 1:50 and 1:400, respectively. DAPI staining of DNA, mounting of slides, and observation proceeded as described earlier by Binarová et al. (1993) . Slides were examined with a microscope (model BX 60; Olympus Optical [Europa] Gmbh, Hamburg, Germany) equipped with a 100ϫ1.4 oil immersion objective, epi-illumination, and a 35-mm (focal length) camera or, alternatively, with a confocal laser scanning microscope invert (model LSM 410; Zeiss, Jena, Germany) equipped with an He/Ne laser (543 nm) and a UV light laser (351/364 nm) (Enterprise II; Coherent, Auburn, CA). Pinholes were adjusted to obtain thin optical sections ‫0.1ف(‬ m thick). Z-series of cells were taken by optical sectioning at a distance of 1 m. Using the three-dimensional software of the confocal laser scanning microscope, we obtained 500 galleries and performed three-dimensional reconstructions.
